Abstract. An individual regional model simulation of cyclone "Caroline" has been carried out to study water cycle components over the North Atlantic Ocean. The uncertainties associated with quantitative estimates of the water cycle components are highlighted by a comparison of the model results with SSM/I (Special Sensor Microwave Imager) satellite data.
Introduction
The importance of mid-latitude cyclones for climate simulations and weather prediction is well known (Stewart et al., 1998) . While the general knowledge of the life cycle of cyclones is sufficiently well developed, details of the energy and water cycle components still needs further attention. General studies on the energy and water cycle of the atmosphere have been initiated by the World Climate Research Program (WCRP) in the frame of GEWEX (Global Energy and Water Cycle Experiment, http://www.gewex.org). In this context regional aspects of the energy and water cycle have
Correspondence to: E. Keup-Thiel (keup@dkrz.de) been investigated over Europe, focussing on the Baltic Sea catchment in the framework of BALTEX (Baltic Sea Experiment, Raschke et al., 1998 Raschke et al., , 2001 ). Extra-tropical cyclones play an important role for the water budget over Europe. They are an important source for freshwater. Most of the cyclones reaching Europe develop over the North Atlantic Ocean (Rockel and Karstens, 2001) . To better understand these cyclones and their impact on the North Atlantic and European water budget regional model, studies on selected cases have been carried out. The selection of the simulation was guided by the findings during the FASTEX (Fronts and Atlantic Storm Track Experiment, Joly et al., 1997) field campaign. FASTEX has been initiated to improve the forecasts of cyclogenesis and the development of cyclones during January/February 1997. In this program intense ship and aircraft observations took place over the North Atlantic together with drop sonde measurements over the East Coast of North America and Ireland.
Field experiment data sets from FASTEX cannot cover complete cyclones but are valuable for validation. To investigate the water cycle of an individual North Atlantic cyclone in detail, regional model simulations with REMO have been carried out. The amount of the vertically integrated water vapor content, the vertically integrated liquid water content and the precipitation of the cyclone "Caroline", named in the "Berliner Wetterkarte" (Berlin Weather Map) is analysed for 17 February 1997. For verification of model simulations satellite data provide the best spatial and temporal resolution. In the following the results of the REMO simulation and their comparison with SSM/I satellite data are presented and discussed.
The regional model REMO
REMO is based in its dynamical part on the regional weather forecast model system of the German Weather Service (Majewski, 1991) and on the physical parameterizations of the climate model ECHAM4 (European Center dynamics and in HAMburg changed physics, Roeckner et al., 1996) .
The physical parameterizations distinguish between stratiform and convective model clouds. The latter are parameterized after Tiedtke (1991) and Nordeng (1994) . The mass flux scheme calculates the convective transport of deep, midlevel and shallow convection. Entrainment and detrainment are taken into account. A bulk cloud model calculates cloud liquid water and precipitation. The nonprecipitating cloud liquid water is a source for the liquid water balance of stratiform clouds. The prognostic cloud liquid water content is calculated from the respective budget equation (Sundqvist, 1978) , including sources and sinks due to phase changes and precipitation formation by the coalescence of cloud droplets or sedimentation of ice crystals. The distinction between water and ice depends on temperature (Roeckner et al., 1996) . REMO can be driven by climate simulations or analysis data at the lateral boundaries. This allows for the comparison of observations and model results. A detailed description of REMO and several application examples are given in Jacob and Podzun (1997) . An application to the water budget analysis over the Baltic Sea catchment has been published by Karstens et al. (1996) .
For the presented case study the regional model REMO has been used with a horizontal resolution of 1/6 degrees, corresponding to 241 × 181 grid points, 20 vertical levels and a timestep of 60 s. ECMWF-analysis fields in T213 resolution have been used as input at the lateral boundaries and for initialization.
In the current investigation REMO was used in the forecast mode since comparisons with instantaneous satellite data were planned. Each 24-h forecast run started at 00:00 UTC. The first six hours of each run were considered spin up time of the model and, therefore, neglected for the analysis. The model region is outlined by the small box in Fig. 1 , which was selected for optimum coverage of the present case study. The large box in Fig. 1 indicates the available area in the library for surface data parameters (Hagemann et al., 1999) . The model region can be varied within this area for optimum coverage of additional case studies.
Satellite data
Remote sensing data of three polar orbiting SSM/I (Special Sensor Microwave/ Imager) radiometers on board satellites of DMSP (Defense Meteorological Satellite Program) are used to derive instantaneous fields of the important water cycle parameters: water vapor content, liquid water content and precipitation rate with a set of algorithms from Bauer and Schlüssel (1993) . Their rain rate algorithm is considered to be especially well suited for the determination of mid-latitude convective rain fall through the use of the 85-GHz channel with its spectral sensivity to microwave radiation scattering. This has been outlined in an intercomparison study of various satellite data algorithms with weather data gathered during the FASTEX 1997 campaign on voluntary observation ships. Results of this study show that the Bauer and Schlüssel (1993) rain rate algorithm is sensitive enough to rapidly detect and quantify rainfall patterns in warm and cold fronts, on the cold back sides, as well as in areas of cyclogenesis (Klepp et al., 2003) . A complete data coverage over the North Atlantic is obtained twice a day by using a multi-satellite method (Klepp et al., 2000) .
The water cycle products derived from SSM/I data for the last twelve years are archived in the HOAPS data base (Hamburg Ocean-Atmosphere Parameters and Fluxes from Satellite Data), which is available at the Max-Planck-Institute for Meteorology in Hamburg (Jost et al., 2002) . HOAPS data exhibit a remarkable climatological precipitation maximum around 50 • north and 40 • west. This seems to be related to regularly strong rain events on cold cyclonic backsides, one example of which is treated in the present paper, triggered by the strong sea surface temperature gradient in this region.
Results
The cyclone "Caroline" covered most of the North Atlantic Ocean on 17 February 1997, as indicated by the pressure contours in Figs. 2-7 . The pressure center is located in the southwest of Iceland. "Caroline" is characterized by a raining warm front over Ireland and an intense cold front over the central North Atlantic Ocean. A pronounced convergence zone marks the location of the cold front, characterized by maximum values of the vertically integrated water vapor content (Figs. 2 and 3) , the vertically integrated liquid water content (Figs. 4 and 5 ) and the precipitation rate (Figs. 6  and 7) .
The vertically integrated water vapor content of REMO is in good agreement with SSM/I satellite data for the entire region (Figs. 2 and 3) . The vertically integrated water vapor content of REMO reaches values of 3 kg m −2 at the fronts and is less at the cold backside of the front. The shape of the vertically integrated water vapor content of the SSM/I satellite data is evidently very similar. The results for the vertically integrated liquid water content and the precipitation are reasonable for the cold front. The cold front location and intensity is well simulated by the regional model. The sim- ulated subsidence zone of REMO just behind the cold front is in good agreement with the satellite data. In the cold front the vertically integrated liquid water content (Fig. 4) reaches maximum values of 1.2 kg m −2 in the model simulation, similiar to SSM/I satellite data. Corresponding to this the precipitation rate (Fig. 6) is high at the cold front with values up to 4 mm h −1 . In contrast to this fairly satisfactory coincidence, neither the vertically integrated liquid water content nor the precipitation rate are in good agreement with the satellite data in the region of the cold air flow behind the cold front. High values of the vertically integrated liquid water content (Fig. 5) and the high precipitation rate (Fig. 7) The time distribution of the precipitation amount of "Caroline" is shown additionally in Fig. 8 . In this figure the precipitation is added over the whole region of the cyclone "Caroline". This is compared to the total precipitation amount derived from SSM/I (Klepp, 2001) . REMO simulates 24.3 10 8 m 3 h −1 total precipitation at 09:00 UTC. But the total precipitation from the SSM/I satellite data for 09:00 UTC is more than 2 times larger with 54.7 10 8 m 3 h −1 . If only frontal precipitation is taken into account, neglecting the backside precipitation (depicted by an asterisk in Fig. 8 ), the value of 22.1 10 8 m 3 h −1 represents an acceptable agreement between REMO and SSM/I satellite data (Klepp, 2001) .
Conclusions
The simulation of individual case studies with the regional model REMO yields more detailed information about water cycle components at a higher spatial and temporal resolution than the ECMWF analysis. The precipitation field simulated by REMO shows more detailed structure and higher maximum precipitation rates at the cold front and behind.
The comparison of REMO and SSM/I satellite data is satisfactory for the entire water vapor field, for rain rates at the cold and warm fronts. But the heavy rain event associated with high vertically integrated liquid water content in the cold air outbreak from the Labrador Sea is not simulated. This is an example for high impact weather that should be predicted by the ECMWF model and REMO. The detected model deficit is not only important for forecasts, but also for climate models using the same parameterization scheme. The coupled treatment of atmosphere and ocean requires correct schemes to calculate the fresh water flux.
Possible reasons for this disagreement of precipitation and vertically integrated liquid water content on the backside of the front may be the diagnostic mass flux scheme by Tiedtke (1991) , together with the cloud parameterization. The convective mass flux scheme has been developed to simulate deep convection in the tropics and for coarser model resolution. Therefore, the development of new parametariza-tion schemes, taking into account higher horizontal or vertical resolutions, needs a new fine tuning. Another way to eliminate this deficiency is to use higher resolutions, so that a parameterization of convection is no longer necessary, because it is explicitly resolved by the model (Keil, 2000) . Another possibility for improving forecasts is the assimilation of SSM/I data into model simulations. Since June 1998 the water vapor field is assimilated in the ECMWF analysis and since July 1999 the wind field is assimilated as well. Hence, there is a need for precipiation assimilation in the future.
Further investigations are planned to intensify the comparison with satellite data. The comparison will be extended to further quantities in order to locate in more detail where the reason for this deficiency might come from.
